Abstract The CdCl 2 treatment used in the development of high efficiency CdTe solar cells is an essential processing step but remains fully unexplored. What really happens during this treatment is not yet fully understood. The changes in doping concentrations during this processing step are a key parameter to investigate. Determination of the position of the Fermi level (FL) is a good method to explore these changes and therefore photoelectrochemical cell method and ultraviolet photoelectron spectroscopy method have been used to investigate these trends. Four different CdTe layers prepared by electroplating have been used for this investigation. The overall observations indicate the settling down of the FL in the upper half of the bandgap after CdCl 2 treatment.
Introduction
Heat treatment of CdTe thin films in the presence of CdCl 2 is a key step in fabricating high efficiency solar cells. Recrystallisation to form large grains and defect passivation have been experimentally observed but the doping effects on the CdTe material have not been examined in detail [1] . The doping effects are key in electronic device performance, and therefore this is an important area needing careful experimentation in order to improve understanding of this crucial processing step.
The formation of a photovoltaic active rectifying junction in any solar cell mainly depends on the type (n-type or p-type) of the materials used, and the level of doping concentration of the main absorber layer, CdTe. The formation of a healthy depletion region in the junction mainly depends on the doping concentration. During the past few decades, the CdTe used in solar cell fabrication has been assumed to be p-type and therefore the junction was considered as a simple p-n junction. Since the CdTe material can exists in both n-and p-type electrical conduction forms, it is essential to know the type of the materials used and the doping concentrations, before critical analysis and interpretation of any experimental results. The photoelectrochemical (PEC) and ultraviolet photoelectron spectroscopy (UPS) measurements enable the scientists to find the electrical conductivity type of a semiconducting material. Furthermore, the position of the Fermi level (FL) is an indirect method to find the electrical conductivity type and estimate doping levels of the material. Electronic devices cannot be developed without knowing the electrical conductivity type and doping levels of the materials used.
Our most recent work with PEC cell measurements on as-deposited and CdCl 2 -treated CdTe produced some illuminating results [1, 2] . This work showed that the n-CdTe layers gradually move towards p-type, and p-CdTe layers gradually move towards n-type during the CdCl 2 treatment of electrodeposited CdTe layers. This indicates a drastic doping effect, causing the movement of FL across the CdTe bandgap. To confirm this FL movement across the forbidden bandgap, UPS has been used to determine the position of the FL as a function of CdCl 2 treatment. The results from PEC and UPS studies are presented and discussed in this communication.
Experimental

Growth of CdTe layers by electroplating
The CdTe layers used in this work were electrodeposited on glass/FTO (Flourine doped Tin Oxide)/CdS surfaces using aqueous solutions containing Cd-precursor and TeO 2 solution. pH value was maintained at 2.00 at the start of the growth and temperature was raised to 85°C for 2-electrode system and to 70°C for 3-electrode system. A dilute TeO 2 solution was added to the electrolyte at regular intervals in order to maintain a low level of Te ions in the deposition bath. Four different CdTe layers used in this work were grown using CdSO 4 [3] , Cd(NO 3 ) 2 [4] and CdCl 2 [5] as precursors for Cd ions. The structures of the layers investigated using PEC cell and UPS were glass/FTO/CdTe and glass/FTO/CdS/CdTe respectively with the thickness of CdTe layer varying in the range 1.50-1.80 lm. The main aim of the UPS work was to examine the position of the FL and hence to explore the doping pattern of CdTe layers during CdCl 2 treatment. This information will then lead to finding the most suitable CdTe layers for fabricating CdS/ CdTe thin film solar cells.
Cadmium chloride treatment
As-deposited CdTe layers were CdCl 2 -treated in two stages in this work, in order to investigate the trend of movement of FL in the bandgap. Saturated CdCl 2 solution was diluted to 1 % using de-ionized water. In the first step, CdTe layers were dipped in this solution for 5 min, allowed to dry and then heat-treated at 440°C for 8 min. In the second step, the same CdTe layers were treated with CdCl 2 again in a similar way and heat-treated at 440°C for 16 min. In this two-stage treatment, temperature was kept constant, but the heat treatment duration was doubled to induce changes within the material. UPS studies were carried out on asdeposited samples and on the CdCl 2 -treated samples already treated in the two stages mentioned above. In device processing, the CdCl 2 treatment has only one stage, but this work has been carried out in two stages in order to observe the trend in FL movement during this treatment. Although not ideal, this two stage treatment was purposely selected in order to observe gradual changes in the FL position.
Photoelectrochemical cell measurements
The photoelectrochemical (PEC) cell measurements were carried out on all electrodeposited layers in order to determine their electrical conductivity type. The CdCl 2 treatment was carried out in one stage, very similar to the process carried out prior to device fabrication. CdTe surfaces were treated with 1 % CdCl 2 solution, dried and heat treated at 440°C for 24 min. The PEC signal was determined by making a solid/liquid junction between CdTe and Na 2 S 2 O 3 solution, and measuring the open-circuit voltage of this junction under white light illumination. After calibrating the system with known materials, PEC system is a convenient and fast method to check material's electrical conduction type. In this work, positive PEC signal indicates p-type electrical conduction while negative PEC signal indicates n-type electrical conduction. In order to confirm electrical properties of these layers, conventional Hall Effect measurements cannot be performed due to the underlying conducting FTO layer.
Ultraviolet photoelectron spectroscopy
The UPS was used to analyze the positions of the valence band maximum (E v ) and the FL (E F ). This study was conducted for four different CdTe samples. The UPS spectra were measured for as-grown films, as well as, after each of the two CdCl 2 treatment steps. The measurements Fig. 1 Typical PEC measurement results for CdTe grown using a sulphate precursor and b nitrate precursor. Note the possibility of growth of n-type and p-type CdTe layers simply by changing the stoichiometry of the materials. The CdTe layers used for UPS measurements were grown close to the stoichiometry points at V i to obtain crystalline CdTe layers were performed using a VG Scientific MultiLab 3000 ultrahigh vacuum surface analysis system, equipped with a CLAM4 hemispherical electron energy analyzer and a differentially-pumped He cold cathode capillary discharge UV lamp. The samples were excited with a resonance line He-I (hm = 21.22 eV) and the base chamber pressure was in the 10 -9 Torr range. To shift the spectra out of nonlinear region of the analyzer and to avoid instrumental distortions/cutoffs in the lens system at low kinetic energy (c.a. \10 eV), all measurements were performed under the same negative bias of 18 V. The position of the FL was measured from the He-I Fermi edge of gold films sputtered on to half of the investigated samples. For the sputtering, each sample was covered partially with a glass slide and a thin gold layer was deposited in the exposed region. A silver paste was used to connect the sputtered gold film with the sample stage to enable its effective electrical biasing.
The UPS is a highly surface sensitive technique and the measured spectra can be affected by impurities on the surface and charging effects. The aim of this work is to study practical and real CdTe thin films used in device fabrication, with impurities such as O, excess Cd and Cl on the surface. The charging is the other effect, especially for the material layers grown on thick glass substrates. A direct method to deal with charging effects would be to use a flood gun, but this facility was not available in the UHV system used in this work. Therefore an alternative method was used by aligning the FL of CdTe with a gold film and connecting it to the sample holder. To achieve this, section of each CdTe film was sputter-coated with Au film and the gold layer was electrically connected to the sample holder with Ag conducting paste. Since the Au film and CdTe were in good electrical contact, the position of the FL, measured in the Au film, should be the same for CdTe film, which should take care of any spectrum shift caused by possible charging. The Au film, electrically connected to the sample holder, using Agpaste provided a conducting path and avoided charging effects. Also, spectra obtained for several locations on the CdTe surface were checked to verify uniformity of UPS spectra during measurements.
3 Results and discussion 3.1 Summary of photoelectrochemical cell measurements Figure 1 shows typical PEC signal versus growth voltage (V g ) for CdTe layers grown using sulphate precursor [6] and nitrate precursor [4] . In both cases, it has been observed that the material can be grown stoichiometric and with highest crystallinity at the voltage labelled V i . At voltages below V i , the material is rich in Te and shows p-type electrical conduction. At voltages above V i , the material is rich in Cd and shows n-type electrical conduction. Once the materials are CdCl 2 -treated, it has been observed that the p-CdTe gradually changes towards n-type and n-CdTe gradually changes towards p-type. This is a (Fig. 1b) precursors. It should be noted that the defects structure and doping concentration of each layer depends on the Te-concentration in the bath, growth voltage used and the nature of the acidity (sulphuric or nitric) of the electrolyte. Therefore, the PEC signal for each sample can vary, but here we can only observe the general trends.
Combining the above PEC results and the other reported information in the literature [7] , the possible FL movement across the bandgap is indicated in Fig. 2, for both p-and n-type CdTe layers. This diagram shows the trend of movement of FL from p towards n and from n towards p as observed using PEC measurements. Our recently reported device work [3] also indicates that the highest efficiencies are achieved when the FL settles in the shaded region just above the mid-point or intrinsic FL position. This has also been reported by Schulmeyer et al. [7] by working on Antek CdTe layers using X-ray photoelectron spectroscopy (XPS). These authors measured the position of the FL using XPS, as a function of CdCl 2 treatment of Antek CdTe layers grown by close space sublimation (CSS). They have observed that the highest efficiency values are found when the FL is above the midpoint in the bandgap which says the material is n-type in electrical conduction. These results confirm that the 
precursor (A1), e low KE cut-off for CdTe and f high KE cut-off (VB) edge for CdTe situation is identical for both electroplated CdTe and closed space sublimated CdTe layers. Figure 2 also indicates the possible doping concentration changes assuming 10 10 cm -3 for intrinsic CdTe [7] . The literature indicates that the highest CdS/CdTe solar cell efficiencies are obtained for * 5.0 9 10 13 -5.0 9 10 15 cm -3 doping concentrations [8] [9] [10] [11] . This region is shaded in Fig. 2 , and therefore the growth and processing conditions should bring the FL to this shaded region in order to produce high performance solar cells.
Collection of all experimental evidence discussed above show that there exists an optimum energy range for FL to settle and produce high efficiency solar cells. This is a real challenge for solar cell developers to move the FL to this energy range and stop the processing conditions at this particular position. The UPS results presented in this paper confirm this trend and observation.
Summary of UPS results
The required UPS spectra were obtained for gold layer and four CdTe thin films in order to determine the position of the FL with respect to the band edges. For the FL determination, a He-I spectrum, as the one shown in Fig. 3a , was acquired from the gold-sputtered area. The low kinetic energy cut-off edge, (shown in detail in Fig. 3b) , represents electrons ionized from the deepest valence band states accessible with the excitation energy, hm = 21.22 eV of the He-I line. At the other end of the spectrum, i.e. at the high kinetic energy end (shown in detail in Fig. 3c ), the FL edge can be clearly visible, which represents electrons ionized from the states located at the FL. Because of high density of occupied states at and below the FL, the Fermi step can be clearly seen in gold and any other metallic samples. The position of the FL can be assigned at the half maximum of the step height. A different situation is in the case of semiconductor samples, where the FL is typically located within the energy band gap and even in the case of it's pinning to a deep state level, there are typically much lower density of states and the Fermi step is hard to detect in the UPS spectrum (see Fig. 3f ). Therefore, in our study, the positions of the FL in the CdTe layers were derived from the ones measured for gold films. Since the CdTe layers were in a direct contact with the sputtered gold films, the FL were assumed to equalize across the interfaces. Therefore, for the CdTe spectra, the positions of the FL were assumed to be the same as the ones measured for the gold films. The high kinetic energy part of UPS spectra measured for CdTe films showed two photoionization The material structure was glass/FTO/ED-CdS/ED-CdTe, and the thickness of CdTe layer varied in the range 1.50-1.80 lm UPS probing area of the surface is a few mm 2 and the accuracy of this measurement is ±0.05 eV. The probing depth of UPS is a few monolayers *(1-3 nm) for semiconductors [12] a E v valence band maximum, E c conduction band minimum Fig. 3f . In these cases, E 2 represents the valence band maximum and E 1 represents some defect states. By measuring the onsets of these edges (as shown in Fig. 3f for example) , the valence band maximum and defect levels can be determined. The summary of these results are shown in Table 1 .
It should be noted that the UPS technique was carefully selected for this project in order to understand the crucial CdCl 2 processing step. Also, the aim is to study the real surfaces used for CdS/CdTe solar cell development. Although many factors affect the position of the FL, this experiment shows the surface material is either n-or p-type in electrical conduction. What is most important is the position of the FL with respect to the mid-point of the bandgap, measured with an error of ±0.05 eV. Table 1 summarises the results of UPS measurements for investigated four different CdTe layers. Band gap of CdTe has been taken as 1.44 eV for calculations of E c -E F values. In these measurements, UPS spectra were recorded from different points in order to deal with non-uniformity issues of the layers. Non-uniformity could arise due to various factors such as non-uniform FTO thickness, variation of growth voltage (V g ) along the FTO surface due to potential drop, differences in FTO surface cleanliness and the variations created during growth and processing of these thin films. However, the technique is capable of detecting the FL position with an error of ±0.05 eV. The FL positions of the as-deposited materials are shown in Fig. 4 for easy reference. CdTe samples, S 1 and S 3 are n-type, and S 2 and S 4 are p-type in electrical conduction. FL of S 2 is very close to the mid-point and therefore highly resistive close to intrinsic material. These four CdTe layers are grown from different electrolytes at different growth voltages. Table 2 summarises the electrical conduction type as determined by growth voltage and PEC measurements, and by the UPS measurements. Both measurements confirm the type of CdTe layers accurately. Tables 3 and 4 show the UPS results obtained after two stages of CdCl 2 treatment. The summary of FL positions for as-deposited layers and after CdCl 2 treatment in two steps, are shown in Table 5 .
The above changes are graphically shown in Fig. 5 for easy reference. The point 1 represents the as-deposited material and points 2 and 3 represent the situation after two CdCl 2 treatments. S 1 and S 3 CdTe layers are n-type in asgrown conditions, but remain n-type after CdCl 2 treatment. However, both S 2 and S 4 samples are p-type in as-grown conditions but become n-type after CdCl 2 treatment.
UPS studies depend on the work function and the electron affinity of the layers studied. As-deposited and CdCl 2 treated CdTe layers are certainly have very different properties as shown in final device performance. Although the above two parameters are important in photoemission, this subject area is out of the scope of this paper. Our current interest is only to find the position of the FL in the CdTe energy bandgap with respect to the mid-point of 0.72 eV below the conduction band.
UPS results show that both n-type samples S 1 and S 3 remained n-type after CdCl 2 treatment. The FL tends to stay in the upper half of the bandgap. However, both p-type samples S 2 and S 4 changed from p-type to n-type electrical conduction. Therefore all four samples show the settling of FL in the upper half of the bandgap showing final n-type nature of the surface of CdTe layers after CdCl 2 treatment.
It is clear that the native defects and impurities present in the layers are different and hence the final stage of electrical conduction after CdCl 2 treatment is different from the initial stage for different samples. It is a challenging task to establish the right conditions for high efficiency devices, and therefore needs careful experimentation to achieve optimum conditions. 
